The dmrt6 gene has been isolated from tetrapods and recently from a coelacanth, Latimeria chalumnae. Its evolutionary history and exact function remain unclear. In the present study, dmrt6 was isolated from Perciformes (five cichlids and stickleback), Siluriformes (southern catfish), and Lepisosteiformes (spotted gar). Syntenic and phylogenetic analyses indicated that dmrt6 experienced gene transposition after the divergence of teleosts from other bony fish as gene loci surrounding dmrt6 were conserved among teleosts (but was completely different from gene loci surrounding dmrt6 in tetrapods and spotted gar), while these gene loci were conserved among nonteleost species. Realtime PCR and in situ hybridization revealed that dmrt6 was highly expressed in the XY gonads from 90 days after hatching (dah) onward and was observed exclusively in spermatocytes of the testes in tilapia. Dmrt6 knockout by CRISPR/Cas9 resulted in fewer spermatocytes, down-regulated Cyp11b2 in testes, and consequently produced a lower level of serum 11-ketotestosterone (11-KT) in Dmrt6-deficient XY fish compared with the XY control at 120 dah. From 150 to 180 dah, spermatogenesis gradually recovered, and cyp11b2 expression and serum 11-KT level were restored to the same levels as those of the XY control fish. In addition, a Dmrt6 mutation was observed in genomic DNA of sperm of G0 mutant fish and F1 fish. Taken together, our data suggest that dmrt6 also exists in bony fish. Its absence in most fish genomes was probably due to incomplete sequencing and/or secondary loss. The dmrt6 gene is highly expressed in spermatocytes and is involved in spermatogenesis in tilapia.
INTRODUCTION
The dmrt gene family, which includes multiple members encoding putative transcription factors related to the sexual regulator Doublesex of fruit fly (Drosophila melanogaster) and Mab-3 of nematode (Caenorhabditis elegans), has attracted considerable interest recently because of its involvement in sex determination and differentiation [1] [2] [3] [4] [5] [6] . Each dmrt gene encodes a protein with an unusual zinc finger DNA-binding motif known as the DM domain [7] , which contains six conserved cysteines and two histidines and binds into the minor groove of the target DNA [8] . In mammals, eight Dmrt genes (Dmrt1 through Dmrt8), have been identified [9] . There are fewer dmrt genes in nonmammalian species. However, duplication of dmrt2 has been reported in teleosts [10] . In addition, species-specific duplication of dmrt1 has been reported in medaka (Oryzias latipes) (DMY) and Xenopus (Xenopus laevis) (DMW), and they were proved to be the sexdetermining gene of these species [11, 12] . To date, 11 dmrt members have been identified in vertebrates. For example, five, five, five, six, six, four, and eight dmrt genes, respectively, were isolated from zebrafish (Danio rerio), fugu (Takifugu rubripes), Atlantic cod (Gadus morhua), Xenopus, anole lizard (Anolis carolinensis), zebra finch (Taeniopygia guttata), and mouse (Mus musculus) [7, 9, 10, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . These reports suggested that the number of dmrt ortholog genes varies in different species, and potential dmrt genes remain to be identified.
Previous investigations of Drmt6 suggested that it only exists in tetrapod genomes [25] . However, recently a dmrt6 ortholog has been reported to exist in a coelacanth (Latimeria chalumnae) [26] . Evolutionarily, it was hypothesized that dmrt6 probably separated from the ancestor of the DMRT1-DMRT2 and DMRT3-DMRT4-DMRT5 clades during the first round of the vertebrate genome duplication [14] . The dmrt genes showed conserved expression early in the indifferent gonad, and in most cases they were subsequently maintained at higher levels in male as opposed to female gonads [27] . Consistently, dmrt6 was highly expressed in Latimeria testis [26] . Nevertheless, reports on dmrt6 expression and function are relatively scarce.
Recently, genome sequencing of Nile tilapia (Oreochromis niloticus) has been completed and opened [28] . Eight gonadal transcriptomes-XX/XY gonads from 5, 30, 90, and 180 days after hatching (dah), corresponding to molecular sex determination and differentiation, the initiation of germ cell meiosis in the XX gonads, the initiation of spermatogenesis in the XY gonads, and sperm maturation in the XY gonads and vitellogenesis in the XX gonads, respectively-have been sequenced and mapped to the reference genome by our group [29] . When analyzing tilapia gonadal transcriptome and genome sequences, a possible dmrt6-like gene orthologous to tetrapods DMRT6 was obtained. In the present study by BLAST search and data mining, dmrt6 was also found to exist in genomes of Haplochromis burtoni, Pundamilia nyererei, Neolamprologus brichardi, Maylandia zebra, stickleback (Gasterosteus aculeatus), southern catfish (Silurus meridionalis), and spotted gar (Lepisosteus oculatus). Phylogenetic and syntenic analyses were performed to confirm that each identified dmrt6 is genuine dmrt6. Tissue distribution and ontogeny studies were conducted to show its expression profile by real-time PCR and in situ hybridization (ISH). We also performed a functional study by knockout of Dmrt6 using CRISPR/Cas9 in Nile tilapia.
MATERIALS AND METHODS

Animals
Nile tilapia were kept in recirculating freshwater tanks at 268C before use. All XX and all XY progenies were obtained by crossing the sex-reversed XX pseudomale and YY supermale with the normal female (XX), respectively. Animal experiments were conducted in accordance with the regulations of the Guide for Care and Use of Laboratory Animals and were approved by the Committee of Laboratory Animal Experimentation at Southwest University, Chongqing, China.
Data Mining and Phylogenetic and Syntenic Analyses
The complete cDNA sequence of tilapia dmrt6 was successfully obtained from the National Center for Biotechnology Information (NCBI) databases with the accession number XM_003447269 and the transcriptome data reported by our group [29] . The genome databases, including UCSC Genome Bioinformatics (http://genome.ucsc.edu/), Ensembl (http://www.ensembl.org/), and the NCBI databases (http://blast.ncbi.nlm.nih.gov/), were searched to explore the presence of dmrt6-like sequences in fish genomes available such as cichlids, stickleback, fugu, medaka, zebrafish, spotted gar, Latimeria, and elephant shark (Callorhinchus milii) using tilapia dmrt6 as the query sequence.
The multiple alignment software programs DNASTAR (http://www. dnastar.com/) and ClustalX (http://www.clustal.org/) were used to analyze the deduced amino acid (aa) sequences of Dmrt6 from human, chicken, lizard, Xenopus, Latimeria, spotted gar, stickleback, and tilapia. Except for stickleback and southern catfish Dmrt6, which were isolated in this study, all other Dmrt6 protein sequences were obtained from the NCBI databases and Ensembl. Their accession numbers are listed in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org).
A phylogenetic tree of Dmrt6 proteins was constructed using mouse Dmrt8 as an outgroup. In addition to the Dmrt6 sequences used for alignment, Dmrt6 from four cichlids and mouse were also included. Their accession numbers are also listed in Supplemental Table S1 . The neighbor-joining method was used to construct the phylogenetic tree by MEGA 5.0 (http://www.megasoftware.net/) [30] . The values represent bootstrap scores out of 1000 trials, indicating the credibility of each branch.
For syntenic analysis, the orientation and chromosomal position of each dmrt6 and its adjacent genes were determined. The Ensembl genome browser was used for this analysis.
Tissue Distribution and Expression Profile of dmrt6 in Tilapia Gonad by Real-time PCR Total RNA (2.0 lg) was isolated from various tissues of monosex XX (n ¼ 6) and XY (n ¼ 6) adult fish (180 dah), respectively. The quality and concentration of the RNA were assessed by NanoDrop 2000 (Thermo Scientific). DNase I (RNase-free; Takara, Japan) treatment and cDNA preparation for real-time PCR using the PrimeScript RT Master Mix Perfect Real Time kit (Takara) were carried out according to the manufacturer's instructions The primer sets used for real-time PCR analysis were designed using Primer Express Software (Applied Biosystems) with at least one primer in each set flanking the intron-exon boundary to avoid amplification of genomic DNA. To evaluate the efficiency and specificity of primers used in the study, standard curves were generated with serial tenfold dilutions of each plasmid DNA containing the open reading frames (ORFs) of related genes. The dmrt6 mRNA expression level in various tissues was measured using a SYBR Green (Takara, Japan) method of real-time PCR. The relative abundance (R) of dmrt6 mRNA transcripts was evaluated using the following formula as described previously [31] : R ¼ 2
ÀDDCt
. The geometric mean of the copy numbers of the three reference genes (b-actin, gapdh, and eef1a1) was used to normalize the expression of dmrt6. Primer sequences used for real-time PCR are listed in Supplemental Table S2 . Data are expressed as the mean 6 SD. Statistical analysis was performed using GraphPad Prism4 (GraphPad Software). Significant differences in the data between groups were tested by one-way ANOVA, followed by post hoc test. P , 0.05 was considered statistically significant.
In addition, gonads from 10, 30, 50, 70, 90, 120, 150, 180, and 240 dah of monosex (XX and XY) fish (approximately six to 50 fish from each), were collected. The ontogenic expression of dmrt6 in gonads was measured using real-time PCR as described above.
Cell Location of dmrt6 mRNA in Gonad Analyzed by ISH
In situ hybridization was performed using tilapia gonads from 50-, 90-, and 180-dah monosex (XX and XY) fish (six fish were collected from each). Gonads were dissected and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 48C overnight. After fixation, gonads were embedded in paraffin. Cross-sections of 5 lm were cut with a sliding microtome adherent to polylysine-treated slides with diethylpyrocarbonate-treated water. Slides were dried at 1808C for 4 h to remove the RNase contamination and stored at 48C until use. Probes of both sense and antisense digoxigenin-labeled RNA strands were transcribed in vitro from a linearized pGEM-T easy-dmrt6 cDNA using an RNA labeling kit (Roche). In situ hybridization was performed as described previously [32] .
Disruption of Dmrt6 by CRISPR/Cas9
In order to study the function of tilapia Dmrt6 during gonadal development, CRISPR/Cas9 was used to knock out Dmrt6 in the XY tilapia as described previously [33] . The guide RNA (gRNA) and Cas9 mRNA were coinjected into one-cell-stage embryos of the XY tilapia with the optimal concentrations of 50 ng/ll and 500 ng/ll, respectively. Twenty injected embryos were collected at 72 h after injection. Genomic DNA was extracted from 20 pooled injected embryos and control embryos and used for mutation assays. DNA fragments spanning the dmrt6 target site were amplified using gene-specific primers dmrt6-T-F/R (Supplemental Table S2 ). A restriction enzyme site of HpyAV adjacent to the NGG protospacer adjacent motif sequence was selected to analyze the putative mutants by digestion of the purified fragments. The mutated sequences were obtained by two assays, restriction enzyme digestion and Sanger sequencing. In addition, the percentage of uncleaved band was measured by quantifying the band intensity with Quantity One Software (BioRad) [34] . The insertion and/or deletion (indel) frequency was calculated by dividing the uncleaved band intensity by the total band intensity from a single digestion experiment.
Fertilized eggs (XY) from the same pair of parental fish (XX 3 YY) were divided into two batches, one as a control and the other for microinjection. In total, 56 control fish and 84 microinjected fish were reared until sampling. To screen the mutant fish, a piece of tail fin was clipped from each individual fish, and genomic DNA was extracted as described above. The target genomic locus was amplified using the primers dmrt6-T-F/R. Mutations were assessed by restriction enzyme digestion. Seventy microinjected fish were identified as Dmrt6-mutant fish. Ten Dmrt6-mutant fish and eight control fish were checked for gonad histology, gene expression (RT-PCR and real-time PCR), and serum 11-ketotestosterone (11-KT) level at 120, 150, and 180 dah, respectively. The remaining 10 mutant fish (G0) were reared until sexual maturation. F1 fish were obtained by fertilization of sperm from G0 fish and eggs from normal XX fish. Genomic DNA isolated from their sperm from G0 fish and their F1 was digested using HpyAV and sequenced to confirm the mutation types. Total RNA (2.0 lg) was extracted from Dmrt6-deficient and control gonads to detect dmrt6 mRNA expression using RT-PCR and real-time PCR as described previously [35] and above. A forward primer (dmrt6-Q-F2) was designed in the target site of dmrt6 (Supplemental Table S2 ). If the sequence was not mutated, 341-bp fragments of dmrt6 were amplified when combined with the reverse primer, whereas indels from CRISPR/Cas9 resulted in less amplification of the expected fragments compared with the control.
Effect of Dmrt6 Deficiency on XY Tilapia Spermatogenesis, Gene Expression, and Serum 11-KT Level
Gonads of Dmrt6-deficient fish were dissected, fixed in Bouin solution for 24 h at room temperature, dehydrated, and embedded in paraffin. Tissue blocks were sectioned at 5 lm and stained with hematoxylin-eosin (at 120, 150, and 180 dah) or used for immunohistochemistry (IHC) analysis (at 120 dah). Vasa (mainly expressed in spermatogonia in the testis of tilapia) antibody was a gift from Professor Yoshitaka Nagahama, the National Institute of Basic Biology, Okazaki, Japan. The specificity of these antibodies has been analyzed ZHANG ET AL.
previously [36] . Cyp11b2 (cytochrome P450, family 11, subfamily B, polypeptide 2, 11b-hydroxylase, the key enzyme for androgen 11-KT synthesis) antibody was prepared by our laboratory. Its specificity was checked by Western blot analysis as shown in Supplemental Figure S3 . Antibodies against Cyp11b2 and Vasa were diluted 1:1000 and 1:500 for use, respectively.
The IHC analyses were performed as described previously [35] . Photographs were taken under a light microscope (BX51; Olympus).
In addition, vasa (120 dah) and cyp11b2 (120, 150, and 180 dah) mRNA expression in Dmrt6-deficient and control gonads was measured using real-time PCR as described above. Primer sequences used for real-time PCR are listed in Supplemental Table S2 .
FIG. 1. Sequences and phylogenetic analyses of Dmrt6
. A) Alignment of Dmrt6 aa sequences from human, chicken, lizard, Xenopus, Latimeria, spotted gar, stickleback, and tilapia. The DM domain is outlined. The asterisk indicates the conserved zinc finger DNA-binding motif (six cysteines and two histidines). B) Phylogenetic tree of Dmrt6 from human, mouse, chicken, lizard, Latimeria, H. burtoni (Hb), P. nyererei (Pn), N. brichardi (Nb), and M. zebra (Mz) based on the outgroup of mouse Dmrt8. The accession numbers of the sequences used are described in Supplemental Table S1 . The asterisk indicates partial sequences.
ISOLATION AND FUNCTION OF TILAPIA dmrt6
Serum 11-KT level was measured using EIA Assay kits (Cayman Chemical Co.) following the manufacturer's instructions. Blood samples from Dmrt6-deficient and control fish were collected from the caudal vein at 120, 150, and 180 dah and kept at 48C overnight. Serum was collected after centrifugation and stored at À208C until use.
RESULTS
Sequence Analysis
The full-length sequence of dmrt6 cDNA obtained from our gonadal transcriptome data is the same as the sequence of XM_003447269 from the NCBI databases. It is 1187 bp, containing a 771-bp ORF that encodes a protein of 256 aa, 185-bp 5 0 untranslated terminal region (UTR), 231-bp 3 0 UTR with polyadenylation signal (AATAAA), and the polyA tail. The gene structure of tilapia dmrt6 is identical to its counterparts in tetrapods, containing three exons of 436, 188, and 147 bp, respectively, and two introns (Supplemental Fig. S1 ). A search of the NCBI Conserved Domain Database (http://www.ncbi. nlm.nih.gov/Structure/cdd/cdd.shtml/) revealed that the deduced protein contains a conserved DM domain (18-63 aa) that is a typical feature of the Dmrt protein. The DM domain harbors two histidine residues (at 26 and 35 aa) and six cysteine residues (at 20, 23, 39, 44, 46, and 49 aa) that are thought to be essential for the DNA-binding properties (Fig.  1A) . Amino acid alignments showed that the DM domain shares 57.4%, 59.6%, 55.3%, 55.3%, 51.1%, 57.4%, 68.1%, 54.5%, and 59.6% identity with Dmrt6 of human, mouse, chicken, lizard, Xenopus, Latimeria, spotted gar, southern catfish, and stickleback, respectively. However, outside the DM domain, there is low sequence homology among them (Fig. 1A ).
Phylogenetic and Syntenic Analyses
As shown in the phylogenetic tree (Fig. 1B) , Dmrt6 proteins from human, mouse, chicken, lizard, Xenopus, Latimeria, spotted gar, and southern catfish were clustered into one clade. Dmrt6 proteins from five cichlids and stickleback were clustered into another clade.
Syntenic analyses showed that the gene order of dmrt6 and its adjacent genes drp8, glis1, ndc1, and tmem was highly conserved among species from Lepisosteiformes (spotted gar) and tetrapods, while the gene order of dmrt6 and its adjacent 
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genes nfatc1, slc52a, fbxl6, and plec was highly conserved among species from Perciformes. The dmrt6 gene in tilapia and stickleback was located between fbxl6 and plec, while it was absent from the same locus in zebrafish and medaka. The dmrt6 gene in Lepisosteiformes (spotted gar) and tetrapods was located between irp8 and glis1, while it was absent from the same locus in tilapia and stickleback (Fig. 2) . In Nile tilapia, a small chromosome corresponding to linkage group 23 (LG23) was identified as the sex chromosome in our strain [37] .
However, dmrt6 was mapped to LG22 by BLAST search, indicating that it is an autosomal gene.
Tissue Distribution
Amplification efficiencies ranged from 97.9% to 101.0% (within the acceptable range of 90%-110% [Supplemental Table S2 ]), and squared correlation coefficients (R 2 ) greater than 0.99 (Supplemental Fig. S2 ) for all primers used in this   FIG. 3 . Spatial and temporal expression profile of dmrt6 in tilapia. A) Expression of dmrt6 in adult tilapia tissues by real-time PCR. B indicates brain; P, pituitary; G, gill; H, heart; I, intestine; L, liver; Go, gonad; K, kidney; HK, head kidney; M, muscle; and S, spleen. B) Ontogeny expression of dmrt6 in tilapia gonads analyzed by real-time PCR. Data are expressed as the mean 6 SD. Different letters indicate statistical differences at P , 0.05 as determined by one-way ANOVA, followed by post hoc test. C) Cell type expressing dmrt6 in tilapia gonads by ISH with antisense (a, c, e, g, i, and k) and sense (b, d, f, h, j, and l) probes. Gonads of 50-, 90-, and 180-dah fish were used for the examination. The dmrt6 gene was exclusively observed in primary and secondary spermatocytes. PSC indicates primary spermatocytes; SSC, secondary spermatocytes; and SC, spermatocytes.
ISOLATION AND FUNCTION OF TILAPIA dmrt6
work were calculated by standard curves. Tissue distribution analysis using real-time PCR showed that dmrt6 was highly expressed in adult testes. It was also found to be expressed in several other tissues, including brain, liver, kidney, and head kidney (Fig. 3A) .
Expression of dmrt6 in Developing Gonads
By real-time PCR, dmrt6 mRNA was detected in the XY gonads with very high levels from 90 dah onward and slightly increased from 120 to 240 dah. In the XX gonads, it showed background level of expression in all developing stages (Fig.  3B ).
Cell Type of dmrt6 mRNA Expression in the Testis
In situ hybridization was performed using gonads at 50, 90, and 180 dah to ascertain which population of cells expresses in the developing gonads. Specific signals were observed in the primary and secondary spermatocytes of the testes at 90 and 180 dah, while no signal was detected in the ovaries at these stages with dmrt6 antisense probe. In contrast, signal was detected in neither testes nor ovaries with dmrt6 sense probe (Fig. 3C) .
Effect of Dmrt6 Deficiency on Spermatogenesis, Gene Expression, and Serum 11-KT Level XY fertilized eggs, injected with either gRNA or Cas9 mRNA and no mRNA injection as the control, coinjected with gRNA and Cas9 mRNA were used to analyze the activity of CRISPR/Cas9. At 72 h after injection, 20 embryos were randomly selected and pooled to extract their genomic DNA for PCR amplification. Complete digestion with HpyAV produced two fragments of 139 and 279 bp in the control group, while an intact DNA fragment was observed in embryos injected with both Cas9 mRNA and target gRNA (Fig. 4A) . Inframe and frameshift deletions induced at the target site were confirmed by Sanger sequencing. At 90 dah, positive Dmrt6-deficient fish were assessed by restriction enzyme digestion.
The RT-PCR and real-time PCR demonstrated that indels from CRISPR/Cas9 resulted in less amplification of the expected dmrt6 fragments compared with the control. These results are shown in Figure 4 , B and C.
By histology, the 120-dah Dmrt6-deficient XY testes exhibited spermatogonia but no spermatocyte and spermatid, whereas in the control testis these germ cell types were all observed (Fig. 5A) . To investigate whether Dmrt6 deficiency has any effect on the expression of Vasa and Cyp11b2, IHC was performed. The results showed that the expression of Cyp11b2 in Dmrt6-deficient testes was lower than that in control testes. In contrast, no difference in Vasa expression was observed in Dmrt6-deficient and control testes (Fig. 5A) . Consistently, the cyp11b2 mRNA level was found to be significantly down-regulated, and no difference in vasa expression was observed in Dmrt6-deficient and control testes by real-time PCR (Fig. 5B) . Furthermore, a significantly lower serum 11-KT level was detected in Dmrt6-deficient XY fish compared with that in the XY control fish (Fig. 5C) .
However, spermatocytes were observed at 150 dah, and spermatids appeared in 180-dah Dmrt6-deficient gonads, while spermatocytes and spermatids were observed in the control testis at both stages (Fig. 6A) . Consistently, both cyp11b2 expression (Fig. 6B ) and serum 11-KT level (Fig. 6C) of Dmrt6-deficient gonads were significantly up-regulated at 150 dah (actually lower than those in the XY control) and more or less the same as those in the XY control fish at 180 dah. In addition, Dmrt6 mutation was confirmed in sperm of Dmrt6-deficient fish, and 20 of the 24 F1 fish were identified as mutants ( Fig. 6D; Supplemental Fig. S4 ).
DISCUSSION
Evolution of the dmrt6 Gene
In the present study, the dmrt6 gene was successfully isolated from O. niloticus (Nile tilapia), H. burtoni, P. nyererei, N. brichardi, M. zebra, G. aculeatus (stickleback), S. meridionalis (southern catfish), and L. oculatus (spotted gar). It was characterized as genuine dmrt6 for the following reasons. First, Dmrt6 proteins isolated from spotted gar, southern catfish, stickleback, and cichlids have a DM domain containing six conserved cysteines and two histidines that are critical for zinc finger formation and DNA binding. Second, in the phylogenetic tree with Dmrt1 to Dmrt 8, all Dmrt6 proteins that we isolated from bony fish were clustered into the same clade with the counterparts from tetrapods (Supplemental Fig.  S5 ).
Syntenic analysis revealed that the genes surrounding dmrt6 from species of Perciformes (including tilapia) and genes surrounding dmrt6 from Lepisosteiformes (spotted gar) and tetrapods were quite conserved, respectively. However, no conserved synteny was observed between them. The absence of synteny of gene loci surrounding dmrt6 between tilapia and spotted gar and the cluster of Dmrt6 from the latter into the tetrapod clade in the Dmrt6 phylogenetic tree excluded any possibility of its derivation from the teleost-specific genome duplication (3R, the third round of genome duplication). In contrast, the phenomenon may be attributed to dmrt6 transpositions resulting from gene excision and insertion during evolution. It is well documented that gene transpositions, which involve the movement of a gene or small group of genes from one genomic location into another, contribute to the reorganization of eukaryotic genomes [38] [39] [40] . We searched for but identified no dmrt6 sequences from elephant shark, sea lamprey (Petromyzon marinus), sea squirt (Halocynthia roretzi), and lancelet (Bbranchiostoma lanceolatum) genomes. Taken together, these results suggest that dmrt6 probably originated from the basal bony fish and experienced gene transposition after the divergence of teleosts from other bony fish. Furthermore, dmrt6 was also isolated from sequenced southern catfish gonadal transcriptomes (Tao and Wang, unpublished results). Therefore, the absence of dmrt6 in most teleost genomes could be attributed to incomplete sequencing and secondary loss.
Expression Pattern of dmrt6 and Functional Relevance of Dmrt6 in Tilapia
Temporal gene expression patterns are important aspects of gene function analysis. Dmrt6/DMRT6 expressed sequence tag sequences (CJ047426 and DB453471) were derived in testes from mouse and human [41] , demonstrating that it may be a testis-enriched gene in these species. In addition, previous evidence showed that dmrt6 is expressed in normal gonads and highly expressed in Latimeria testis [26] . In the present study, dmrt6 expression was higher in the testis compared with the other tissues. In addition, both gonadal transcriptome data (Supplemental Fig. S6 ) and real-time PCR analyses showed that dmrt6 was highly expressed in the testis from 90 dah onward, after the initiation of spermatogenesis and the appearance of spermatocytes, while it was continuously low in the ovary. Consistently, dmrt6 was found to be specifically expressed in tilapia primary and secondary spermatocytes by ISH.
The spatial and temporal expression profile of dmrt6 in the testis indicated a possible role of this gene in the proceeding of spermatogenesis in tilapia. To prove the function, knockout of Dmrt6 in the XY tilapia by the CRISPR/Cas9 system was performed for the first time to date in vertebrates. Dmrt6-deficient testes showed no spermatocytes at 120 dah compared with the control testis. In contrast, no differences in the amount of spermatogonia (as demonstrated by Vasa IHC and vasa realtime PCR) were observed in Dmrt6-deficient testes and the control testis, delivering the message that knockout of Dmrt6 had no influence on spermatogonia in male tilapia. On the other hand, suppression of Cyp11b2, which was the key enzyme for the biosynthesis of 11-KT and essential for spermatogenesis [42] , was observed in 120-dah Dmrt6-deficient testes.
Consistently, a decreased level of serum 11-KT was detected. The lack of spermatocytes, and reduced Cyp11b2-positive (Leydig) cells, resulted in retardation of testicular development in 120-dah Dmrt6-deficient fish, which was demonstrated by the gonadal somatic index (gonad weight divided by body weight times 100%) (Supplemental Fig. S7) . Analysis of the gonads of 150-and 180-dah Dmrt6-deficient fish showed that spermatogenesis gradually recovered, and cyp11b2 expression and serum 11-KT level were up-regulated to more or less the same as those of the XY control fish. A Dmrt6 mutation was also observed in sperm of the mutant fish. Twenty out of 24 F1 fish were identified as mutant fish. These data indicated that the CRISPR/Cas9-mediated Dmrt6 mutation was transmitted to subsequent generations through germ lines. Taken together, we conclude that XY tilapia lacking Dmrt6 caused a delay in the initiation of spermatogenesis, but the produced sperm were viable. However, the involved mechanisms need further investigation.
In summary, phylogenetic and syntenic analyses revealed that dmrt6 probably originated from the basal bony fish and experienced gene transposition after the divergence of teleosts from other bony fish. It also exists in Perciformes, Siluriformes, Lepisosteiformes, and Coelacanthiformes of the osteichthyans. The dmrt6 is an autosomal gene in tilapia. It was highly expressed in spermatocytes of the testes. Knockout of Dmrt6 by CRISPR/Cas9 in the XY tilapia resulted in delayed 11-KT production and spermatogenesis. Taken together, our results suggest that Dmrt6 is a regulator of spermatogenesis in Nile tilapia and possibly in other vertebrates.
